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Stable isotope labeling with 18O is a promising technique for obtaining both qualitative and
quantitative information from a single differential protein expression experiment. The small 4
Da mass shift produced by incorporation of two molecules of 18O, and the lack of available
methods for automated quantification of large data sets has limited the use of this approach
with electrospray ionization-ion trap (ESI-IT) mass spectrometers. In this paper, we describe a
method of acquiring ESI-IT mass spectrometric data that provides accurate calculation of
relative ratios of peptides that have been differentially labeled using18O. The method utilizes
zoom scans to provide high resolution data. This allows for accurate calculation of 18O/16O
ratios for peptides even when as much as 50% of a 18O labeled peptide is present as the singly
labeled species. The use of zoom scan data also provides sufficient resolution for calculating
accurate ratios for peptides of 3 and lower charge states. Sequence coverage is comparable
to that obtained with data acquisition modes that use only MS and MS/MS scans. We have
employed a newly developed analysis software tool, ZoomQuant, which allows for the
automated analysis of large data sets. We show that the combination of zoom scan data
acquisition and analysis using ZoomQuant provides calculation of isotopic ratios accurate to
21%. This compares well with data produced from 18O labeling experiments using time of
flight (TOF) and Fourier transform-ion cyclotron resonance (FT-ICR) MS instruments. (J Am
Soc Mass Spectrom 2005, 16, 916–925) © 2005 American Society for Mass SpectrometryThere is a growing impetus to develop methods forrelative quantification of proteins and peptidesthat are compatible with shotgun methods and
high throughput experiments. Two general approaches
have thus far been used. Both approaches depend on
the use of “light” and “heavy” isotopes to differentially
label proteins from two different populations of cells
grown under variant conditions. The resultant mass
shift provides a mass based separation for otherwise
identical molecules from both cell populations that can
be used for relative quantification. In-vivo labeling
methods, such as metabolic labeling relying on the
incorporation of isotopically labeled specific amino
acids [1], or complete substitution of 14N with 15N [2],
cannot be used for many mammalian systems. Yates et
al. have reported success with in-vivo metabolic labeling
of rat proteins by providing them with a diet enriched in
15N labeled amino acids [3]. Post-translational methods of
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ods introduce mass shifts through the modification of the
side chains of specific amino acids, such lysine [4] and
cysteine [5], labeling of the carboxy, or amino terminus of
peptides. Isotope-coded affinity tag (ICAT), which intro-
duces “heavy” and “light” variants of an affinity tag that
modifies cysteines, is the most well developed technology
for post translational modification of peptides for differ-
ential protein expression analysis by mass spectrometry
[5]. It selectively enriches for cysteine containing peptides,
and thereby produces mixtures of reduced complexity,
but also a sample that is less representative of the original
protein mixture. Its labeling target, cysteine, is a rare
amino acid that occurs only at a frequency of 1.7 % [6]. We
used the IPI human database to calculate that just under
7% of proteins have no cysteine containing tryptic pep-
tides between 400 and 3000 Da and approximately 11%
contain only one such peptide [7].
Isotopic labeling with 18O provides an alternative
method for obtaining quantitative information that of-
fers many advantages to the methods described above.
Every peptide in a peptide mixture is labeled through
the enzyme mediated oxygen substitution (EMOS) [8]
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terminal peptides [9]. This produces a more representa-
tive mixture of the biological sample, and an enhanced
possibility for protein detection and identification in a
protein profiling experiment. Stable isotope labeling with
18O is very simple, inexpensive, and requires few han-
dling steps. Isotopic labeling can be done simulta-
neously with proteolysis, or decoupled from digestion
by post-proteolytic labeling [8, 10 –12]. Isotopically la-
beled peptide pairs have been shown to co-chromato-
graph, providing accurate quantitation from a single
chromatographic peak [13]. This list of characteristics
makes 18O labeling compatible with small samples [11,
12]. A recent paper by Zang et al. demonstrated that 18O
labeling was effective with as little as 10,000 cells [11].
Thus far, the ability to routinely utilize 18O for
differential expression analyses using ESI-ion trap mass
spectrometry has been resolution limited by the small
mass shift of two incorporated molecules of 18O. In the
case of ESI instruments, the magnitude of this small 4
Da mass shift is further reduced by the presence of
multiply charged species. Isotopic labeling with 18O
also often produces peptides that are present as a
mixture of singly labeled peptides (18O1/
16O1) that
result in a 2 Da mass shift, and fully labeled peptides
(18O2) that result in a 4 Da mass shift [8, 11, 12, 16].
Accurate calculation of isotopic enrichment, therefore,
requires quantification of both the singly labeled spe-
cies and the doubly labeled species.
There have been recent efforts to use 18O stable
isotope labeling with ion trap mass spectrometers,
however medium to high resolution instruments that
use time of flight (TOF) or Fourier transform ion
cyclotron resonance (FT-ICR) have been the primary
instruments used for quantification with 18O labeling [8,
9, 11, 14].
Quantification methods for 18O labeling data from ion
trap instruments have thus far utilized extracted ion
chromatograms (EIC) [11, 13] or peak intensity data from
full scan MS and MS/MS spectra [13]. EICs are resolution
limited and are subject to overlap from other coeluting
peaks.
We describe a method that makes use of the zoom scan
function of the Thermo Finnigan (West Palm Beach, FL)
Deca Xp Plus LCQ mass spectrometer to obtain high
resolution spectra. Using this method, peptides that con-
tain only a single 18O atom can now be included in
18O/16O calculations. It is also possible to sufficiently
resolve isotopic clusters so that 1, 2, and 3 charged
tryptic peptides can be included in the analysis and yield
accurate isotopic ratios. We tested this approach using
individual proteins and a protein mixture that were di-
gested with trypsin, isotopically labeled with 18O, and
mixed in different ratios with parallel samples digested in
H2
16O. The resultingmixtures were then analyzed using an
LCQ mass spectrometer and individual peptides were
identified with SEQUEST. Isotopic ratio calculations were
performed with newly developed software, “Zoom-
Quant” [15] that allows for automated calculation of theisotopic ratios. Prior to the development of this software;
isotopic ratio calculation for 18O/16O isotope labeled data
sets that included information from the 18O1
16O1 mixed
species could only be donemanually. The development of
this method and software nowmakes it possible to obtain
qualitative and quantitative information from differen-
tially labeled protein profiling experiments using ESI-IT
instruments.
Experimental
Chemicals
Equine skeletal muscle myoglobin (product number M
0630), and rabbit muscle-glyceraldehyde-3-phosphate
dehydrogenase were purchased from Sigma Chemical
(St. Louis, MO). Human recombinant protein tyrosine
phosphatase-1 was purchased from BIOMOL (catalog
number SE-332, Plymouth Meeting, PA). Recombinant
rat vascular endothelial cell growth factor was pur-
chased from Biosource International (catalog number
PRG0115, Camarillo, CA). Dithiothreitol was purchased
from Pierce (Rockford, IL), and iodoacetamide was
purchased from Sigma Chemical. Sequencing grade
endoproteinase Lys-C was obtained from Roche Bio-
chemicals (Indianapolis, IN). POROS immobilized tryp-
sin (product code 2-3127-00) was purchased from Ap-
plied Biosystems (Foster City, CA), and 95% atom
percent excess (APE) H2
18O (catalog number OLM-240)
was purchased from Cambridge Isotope Laboratories
(Andover, MA). Mobile phase solvents were purchased
from Burdick and Jackson (Muskegon, MI).
Digestion and Labeling of Myoglobin
One hundred twenty pmol of myoglobin was denatured
in a 60 L solution of 50 mM Tris (pH 8.0) containing 6 M
urea and 2 mM DTT at 55 °C for 1.5 h. Alkylation was
performed with 20 mM iodoacetamide for 0.5 h with
agitation in the dark at room temperature. The denatured
and alkylated protein was divided into two equal frac-
tions. Both fractionswere lyophilized to complete dryness.
One fraction was reconstituted with 50 mM NH4HCO3
(pH 8.0) to six times the original volume. The other
fraction was treated in a like manner except that the 50
mM NH4HCO3 (pH 8.0) solution was made with 95%
H2
18O (APE). Both solutions were mixed with acetonitrile
(ACN) (20% of protein digest volume) and POROS immo-
bilized trypsin (30% of digest volume). The reaction mix-
tures were incubated overnight (18 h) at 37 °C on a
2-dimensional platform rocker. The solutions were centri-
fuged at 16,100 g in a microcentrifuge for 5 min to pellet
the immobilized trypsin. The supernatant was removed
and concentrated in a speed vac to 80% volume to
remove ACN. The digest solution was adjusted to pH 3–4
with 10% formic acid (formic acid was diluted using
H2
18O for the 18O labeled sample.)
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Mixture
Each of the following four proteins were included in a
protein mixture: 340 pmol myoglobin, 145 pmol glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), 120 pmol
protein tyrosine phophatase-1 (PTP-1), and 120 pmol
rat recombinant vascular endothelial growth factor
(VEGF). Proteins were added to a microcentrifuge tube
and lyophilized to dryness. The mixture was denatured in
a solution of 50 mMTris (pH 8.0) containing 6M urea and
2 mMDTT at 55 °C for 1.5 h. Alkylation was done with 20
mM iodoacetamide for 0.5 hwith agitation in the dark and
at room temperature. The mixture was then digested with
endoproteinase Lys-C at an enzyme substrate ratio of
1:100 (wt/wt) overnight at 37 °C. Tryptic digestion and
18O/16O isotopic labeling was carried out as described
above for myoglobin.
Desalting and Mixing Samples
The myoglobin samples were taken to near dryness
with a speed vac concentrator, and diluted to the
original volume (prior to speed vac concentration) with
either 50 mM NH4HCO3 or 50 mM NH4HCO3 in H2
18O
as appropriate. Aliquots from the tryptic digest were
mixed in the desired 18O/16O ratios, and desalted using
“Omix” C18, 100 L pipette tips from Varian (Walnut
Creek, CA). The desalted samples were then dried in a
speed vac concentrator, and suspended in 5% ACN in
0.1% formic acid. The samples of the peptide mixtures
were mixed in the desired ratios, and desalted without
prior volume adjustment.
Chromatography
Approximately 3 pmol (1.5 pmol of each isotopically
labeled digest) in 10 L of the myoglobin tryptic
digest was loaded onto a 100  0.18 mm BioBasic C18
(ThermoElectron Corp., Bellefonte, PA) column using
a Surveyor 2 autosampler (ThermoFinnigan). A two
component mobile phase system was used, with two
quaternary Surveyor pumps. The sample pump was
used to load the column. Sample was loaded with
100% A with a flow rate of 4 L/min onto the
column. Solvent A was 5% ACN in 0.1% formic acid,
Solvent B was 95% formic acid. The analytical pump
was programmed with the following elution gradi-
ent: 0 –1 min 0% B–10% B, 1–35 min 10% B–45% B,
35–43 min 45% B–65% B, 43–47 min 65% B–100% B,
hold for 2 min at 100% B, 49 min 100% B–50 min 100%
A, hold for 10 min.
The tryptic digest of the protein mixture was
loaded at approximately 6 pmol for VEGF and PTP-
1, 17 pmol for myoglobin, and 7.25 pmol for
GAPDH in 10 L total volume. A 2 h elution gradient
was used. All other conditions were the same as
described above. The elution gradient was as follows:
0–1 min 0% B–5% B, 1–75 min 5% B–30 % B, 75– 90min 30% B–65% B, 90–100 min 65% B–100% B, hold
for 5 min at 100% B, 105–110 min 100% B–0% B, hold
for 10 min.
Mass Spectrometry
Mass spectrometric data was acquired with a Ther-
moFinnigan Deca Xp Plus operated in the triple play
data-dependent mode. Column eluent was sprayed at
a flow rate of 2 L/min using a 34 gauge metal
needle with a tip i.d. of 24 m. The triple play
data-dependent mode of the instrument provides a
duty cycle in which a full scan is followed by a high
resolution zoom scan and an MS/MS scan. We used
the following instrument settings: number of scan
events 3, full scan mass window 400–2000, dependent
zoom scan of the most intense ion from full scan,
dependent MS/MS of the most intense ion from full
scan, precursor isolation width 2, normalized colli-
sion energy 35%, minimum signal required 3  107.
Global data dependent settings: exclusion mass
width: 3, reject mass width: 3, dynamic exclusion
enabled. Dynamic exclusion parameters were as fol-
lows: repeat count: 2, repeat duration: 0.5 min, exclu-
sion list size: 50, exclusion duration: 5 min, exclusion
mass width: 3 Da. Tuning parameters were as fol-
lows: capillary temperature 160 °C, no sheath gas
flow, no sweep gas flow, automatic gain control
(AGC) was on, source voltage 3.1, zoom micro scans
5, zoom AGC target 7  107, MSn micro scans 5, MSn
AGC target 2  108, full micro scans 3, full AGC
target 5  108. The mass spectra data for the protein
mixtures was collected during a total run time of 120
min, and a total run time of 60 min was used for the
myoglobin data.
Data Analysis
Raw files were searched using SEQUEST. Peptide iden-
tifications were filtered using an xcorr versus charge
state filter with the following settings: charge state 1
and xcorr of 1, charge state 2 and xcorr of 1.8, charge
state 3 and xcorr of 2.6. We used a low stringency filter
and a group scan setting of 2 in order to maximize the
number of peptides available to test with the Zoom-
Quant [15] software. The SEQUEST results file and
corresponding RAW file was submitted to the Zoom-
Quant suite of programs. ZoomQuant reads in the
SEQUEST results file and the data from zoom scans
extracted from the RAW file and matches the SEQUEST
identified peptides with the corresponding zoom scan.
ZoomQuant also separates adjacent zoom scans for
quantification from the grouped scans used by SE-
QUEST for a single peptide identification. The 18O/16O
isotopic ratios are calculated using three different algo-
rithms. The first method uses the peptides mass, charge,
and atomic composition, based on the SEQUEST iden-
tification, to calculate a theoretical isotope distribution
for each of the labeled species [14]. The second method
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Muddiman [8]. The third method is a modification of
the algorithm of Yao et al. [17] in which peak areas are
used for the calculation instead of intensities to deter-
mine the 18O/16O ratios from the M and M  2 and M
 4 peaks.
Results and Discussion
Myoglobin
Tryptic digests of myoglobin were prepared, isotopi-
cally labeled, and mixed in two different 18O/16O ratios
of 1 and 0.3. Three separate tryptic digests were used to
generate LCMS data for the samples with an 18O/16O
ratio of one. This was done to test the inherent variabil-
ity of the digest procedure itself and the sample han-
dling involved in the digestion and labeling procedure.
Different digests might give different ratios because of
sample handling steps, but the calculated isotopic ratio
from zoom scan to zoom scan for a given peptide within
an individual LCMS run should not vary significantly.
Table 1 shows the averaged isotopic ratios for each
peptide. Data from the individual peptides were aver-
aged together to give an overall ratio of 1.15 for the 1:1
18O/16O mixture of myoglobin. The coefficient of vari-
ation of 35% highlights the frequent observation that
the level of EMOS is peptide-dependent, as well as the
variability between individual sample preparations [11,
16]. When multiple peptides and data sets are available,
however, the calculated ratio closely approximates the
expected value. This would suggest that more peptides
Table 1. The averaged 18O/16O ratio from three individual
LCMS runs for individual myoglobin peptides, organized by
charge state
Peptide Number Charge Ratioa Efficiency
Expected ratio of 1
LFTGHPETLEK 4 2 1.24 0.76
VEADIAGHGQEVLIR 2 2 1.17 0.79
VEADIAGHGQEVLIR 1 3 0.74 0.90
HGTVVLTALGGILK 8 2 1.39 0.80
ALELFR 1 1 1.74 0.87
YLEFISDAIIHVLHSK 1 3 0.65 0.68
protein mean 1.15 0.80
standard deviation 0.41 0.08
coefficient of variation 0.35
Expected ratio of 0.3
LFTGHPETLEK 3 2 0.49 0.80
HGTVVLTALGGILK 3 2 0.40 0.72
protein mean 0.44 0.76
standard deviation 0.06 0.06
coefficient of variation 0.14
aRatios were generated using method 1 of ZoomQuant. The data for the
expected ratio of 1 were generated from three separate digests of
myoglobin. The data for the 0.3 ratio is the average of 3 replicates from
the same digest. “Number” indicates the number of times each peptide
was observed within the data set, and “efficiency” indicates the percent
of the peptide that was fully labeled relative to the sum of the fully
labeled and singly labeled species.produce results with higher confidence levels. The datagenerated for myoglobin digest that were mixed in a 0.3
18O/16O ratio was from a single digest from which we
performed three replicate LCMS analyses. We used
only two peptides in the isotopic ratio calculations for
the samples mixed in a 0.3 ratio (18O/16O) since only
these two peptides were observed, yet for these two
peptides the coefficient of variation was only 14%.
Overall, the more frequently observed peptides clus-
ter more tightly. If one considers only those peptides
that appear more than once from the myoglobin data
with an expected 18O/16O ratio of one, then the stan-
dard deviation decreases to 0.1122, and the coefficient
of variation decreases to 8.8%.
Protein Mixture
Table 2 shows the average isotopic ratios for each of the
four standard proteins from three replicate LCMS ex-
periments. The averaged isotopic ratio for each individ-
ual protein is very close to the expected value of one for
the 1:1 mixture. Three of the four proteins have a
coefficient of variation of 18% or less. VEGF had the
highest standard deviation and the least number of
peptides. It is not clear whether this is due to the nature
of the individual peptides, or possibly the digestion
efficiency for VEGF. VEGF is a very stable cytoplasmic
protein. It forms homodimers that contain three intra-
chain disulfide bonds and two interchain disulfide
bonds. We have performed numerous digests and
LCMS analyses of this protein and always see the same
three peptides, although we do not always see all three
in every experiment. Our data suggests that the nature
of the peptide is an inherent factor in the reproducibility
of isotopic ratios.
We used the same standard protein mixture in a 3:1
18O/16O mixture. The results for the averaged data are
given in Table 3. The calculated isotopic ratios are all
below the expected value of three, however the coeffi-
cient of variation for all four proteins is 20% or less.
There are two major factors that contribute to uncer-
tainty in the ratio calculations. The first is that the
abundance of the 18O labeled species depends on the
efficient incorporation of 18O into individual peptides
and the level of enrichment of the H2
18O used. The
abundance of the labeled species is likely to always be
somewhat less than the unlabeled species which is
independent of EMOS. Also, additional variation is
reportedly introduced by sample handling and in mix-
ing steps [11–13]. Differentially labeled samples were
maintained separately up to the point of desalting.
Equivalent aliquots were mixed, then applied to the
desalting column. Steps prior to this included the initial
splitting of the sample and the subsequent lyophiliza-
tion. All of these steps are possible sources of small
errors [16] and the difference between the actual ratio
and the targeted ratio for mixing of the differentially
labeled samples.
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ZoomQuant automatically calculates labeling efficien-
cies for individual peptides as part of the final report.
We use this term in the same manner as Stewart et al.
[16]. The efficiency is defined as the percentage of 18O
labeled peptides that are doubly labeled relative to the
sum of all peptides that contain one 18O or two 18O
atoms: 2-18O/(2-18O  18O16O). The average efficiency
for all of the peptides in our experiments with a one to
one ratio mixture is 73%. The calculated efficiency for
the myoglobin tryptic peptide GLSDEWQQVLNVWGK
is 49%. The peptide dependence of EMOS has been
reported to be linked to its efficiency as a pseudo-
substrate for trypsin [8, 9, 12]. This underscores the
necessity of using mass spectral information of suffi-
ciently high resolution to include the singly 18O labeled
species in the isotopic ratio calculation. The high reso-
lution of the zoom scan even provides mass spectral
Table 2. The 18O/16O ratios calculated from zoom scans for the
ratio of 1. Peptides that occur in multiple charge states are listed
method 1 of ZoomQuant
Peptide Num
Myoglobin
LFTGHPETELK
LFTGHPETELK
GLSDGEWQQVLNVWGK
VEADIAGHGQEVLIR
VEADIAGHGQEVLIR
HGTVVLTALGGILK
HGTVVLTALGGILK
YLEFISDAIIHVLHSK
YLEFISDAIIHVLHSK
protein mean
standard deviation
coefficient of variation
Protein Tyrosine Phosphatase - 1 
LTISEDIK
FSYLAVIEGAK
FSYLAVIEGAK
ESGSLSPEHGPVVVHCSAGIGR
DVSPFDHSR
LHQEDNDYINASLIK
HEASDFPCRVAK
MGLIQTADQLR
protein mean
standard deviation
coefficient of variation
Glyceraldehyde-3-Phosphate Dehydrogenase
GAAQNIIPASTGAAK
VPTPNVSVVDLTCR
protein mean
standard deviation
coefficient of variation
Vascular Endothelial Growth Factor
HFLVQDPQCTCK
QLELNER
FMDVYQR
protein mean
standard deviation
coefficient of variationinformation to effectively resolve the isotopic envelopeof triply charged peptide pairs. The information given
in Tables 2 and 3 show several peptides that are present
in 2 and 3 charge states. Figure 1 shows a tryptic
peptide from PTP-1, ESGSLSPEHGPVVHCSAGIR,
that is only present in the 3 charge state. The high
resolution provided from zoom scans allows the accu-
rate calculation of ion ratios from these triply charged
peptides and for peptides for which as much as 51% of
the 18O is present in the singly labeled species.
Reproducibility and Accuracy
The essential aspect of any quantification method is that
it should be reproducible and that the limits of its accuracy
should be known. We selected one tryptic peptide from
myoglobin, HGTVVLTALGGILK, and grouped the isoto-
pic ratios and efficiency for all zoom scans within a single
LCMS run and compared them across all runs in which
tic digest of the four protein mixture with an expected 18O/16O
rately for each charge state. Ratios were generated using
Charge Ratio Efficiency
2 0.89 0.75
3 0.82 0.76
2 1.00 0.49
2 1.01 0.84
3 1.06 0.66
2 0.84 0.82
3 0.82 0.85
2 0.51 0.81
3 0.61 0.20
0.84 0.69
0.18 0.21
0.22
2 0.57 0.47
2 0.90 0.84
1 0.84 0.82
3 1.11 0.81
2 1.02 0.78
2 0.94 0.71
2 0.74 0.57
2 0.97 0.90
0.88 0.74
0.17 0.15
0.19
2 1.06 0.83
2 0.98 0.78
1.02 0.80
0.05 0.03
0.05
2 1.55 0.55
2 0.73 0.78
2 1.02 0.76
1.10 0.70
0.58 0.17
0.52tryp
sepa
ber
4
1
2
7
3
6
1
2
1
4
6
1
3
3
4
1
1
4
4
1
2
1the peptide was observed. This particular peptide was
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data set present in a single charge state. Table 4 shows the
collected data for this peptide from the single protein
digests and for the protein mixture. The calculated ratios
cluster well for individual zoom scans within an LCMS
experiment. The data for the differentially labeled set with
an expected ratio of 0.3 shows the largest variance and the
highest coefficient of variation is 48%. The higher coeffi-
cient of variation suggests that greater confidence can be
gained by doing a reverse labeling experiment, or by
replicates, an experimental approach commonly used for
other methods that yield relative ratios. In contrast, the
ratios for the mixture with an expected ratio of 1 have a
much smaller coefficient of variation of 16% or less.
Table 5 shows the collected data from every peptide
we observed more than once from our mixed protein
data sets in this paper. Those data with an expected
ratio of 3 were adjusted to a value of 1 by multiplying
by 0.3. This allowed us to group all of our observed
peptides from data sets with an expected 18O/16O ratio
of 1 and an expected ratio of 3 and examine the
peptide-dependent variance for ratio measurements
with respect to length, labeling efficiency, and sequence
Table 3. The 18O/16O ratios calculated from zoom scans for the
ratio of 3. Peptides that occur in multiple charge states are listed
Peptide Num
Myoglobin
ALELFR
LFTGHPETLEK
LFTGHPETLEKFDK
VEADIAGHGQEVLIR
VEADIAGHGQEVLIR
HGTVVLTALGGILK 1
protein mean
standard deviation
coefficient of variation
Protein Tyrosine Phosphatase - 1
FSYLAVIEGAK 1
FSYLAVIEGAK
LHQEDNDYINASLIK
LHQEDNDYINASLIK
DVSPFDHSR
ESGSLSPEHGPVVVHCSAGIGR
MGLIQTADQLR
protein mean
standard deviation
coefficient of variation
Glyceraldehyde-3-Phosphate Dehydrogenase
GAAQNIIPASTGAAK
VPRPNVSVVDLTCR
protein mean
standard deviation
coefficient of variation
Vascular Endothelial Growth Factor
FMDVYQR
HLFVQDPQTCK
QLELNER
protein mean
standard deviation
coefficient of variationacross all experiments. No clear trends were apparentfor efficiency or identity. Peptide length did appear to
have an effect on variance of ratio measurements.
Charge state does not appear to be a factor, as only one
peptide was present as the triply charged species only,
and the CV for the peptide was 25%. Seven of the 20
peptides have coefficients of variation greater than 40%,
and two of these peptides are seven residues or less in
length. Fifty percent of the peptides of 12 amino acid
residues in length or less have coefficients of variation
of 50%. Two of three peptides that are seven residues or
less in length have coefficients of variation of 80%. Two
of the ten peptides with 12 or more residues have
coefficients of variation between 40 and 50%. Once a
peptide reaches a length of 12 residues, it tends to
provide ratio measurements with much less variance.
Only two of the ten peptides with 12 or more residues
have coefficients of variation that exceed 40%.
Mass Spectrometric Analysis and Sequence
Coverage
We used the “triple play” method with dynamic
tic digest of the four protein mixture with an expected 18O/16O
rately for each charge state
Charge Ratio Efficiency
1 2.02 0.84
2 2.50 0.79
3 1.50 0.87
2 2.85 0.86
3 2.16 0.77
2 2.46 0.87
2.25 0.83
0.47 0.04
0.21
2 2.29 0.83
1 2.48 0.77
2 2.87 0.72
3 2.91 0.75
2 2.41 0.76
3 2.12 0.87
2 1.93 0.86
2.43 0.80
0.36 0.06
0.15
2 2.61 0.83
2 2.65 0.73
2.63 0.78
0.03 0.07
0.01
2 2.36 0.68
2 3.26 0.69
2 1.10 0.91
2.24 0.76
1.08 0.13
0.48tryp
sepa
ber
6
5
1
6
4
0
1
2
6
1
7
4
2
9
4
4
2
1exclusion to acquire data on the Deca XP Plus mass
922 HICKS ET AL. J Am Soc Mass Spectrom 2005, 16, 916–925Figure 1. (a) Zoom scan of the 2 charged peptide, VEADIAGHQEVLIR, from a myoglobin tryptic
digest with an expected 18O/16O ratio of three. The unlabeled peptide (16O2) appears at m/z 803.8. The
peaks from the doubly 18O labeled peptide and the singly labeled peptide are indicated by the arrows.
The height of the M2 peak shows clear enrichment from the singly labeled species. (b) Zoom scan
of the 3 charged peptide, ESGSLSPEHGPVVVHCSAIGIGR, of PTP-1 from a tryptic digest of four
standard proteins mixed with an expected 18O/16O ratio of one. The unlabeled peptide (16O2) appears
at 744.6. This spectrum clearly illustrates the well resolved isotopic cluster provided by zoom scans for
a 3 charged peptide. The peaks from the doubly 18O labeled peptide and the singly labeled peptide
are indicated by arrows.Table 4. The zoom scan to zoom scan variance of the myoglobin tryptic peptide HGTVVLTALGGILK. Sample numbers indicate
individually performed tryptic digests of myoglobin. Ratios from individual zoom scans of the above peptide within a single LCMS
run are listed. Replicates indicate repeated LCMS analysis for a single tryptic digest. The mean and standard deviation was calculated
for each individual sample. Ratios were generated using method 1 of ZoomQuant
Expected ratio of 1 Expected ratio of 0.3 Expected ratio of 3.0
Myoglobin 4 Protein mix Myoglobin 4 Protein mix
Obs. ratio Obs. ratio Obs. ratio Obs. ratio
Sample 1 1.69 replicate 1 0.83 replicate 1 0.40 replicate 1 2.43
1.57 0.75 replicate 2 0.48 3.36
1.68 0.96 0.32 2.60
Mean 1.65 0.82 mean 0.41 mean 2.80
s.d. 0.07 mean 0.84 s.d. 0.20 s.d. 0.50
c.v. 0.04 s.d. 0.09 c.v. 0.48 c.v. 0.18
Sample 2 1.03 c.v. 0.10 replicate 3 0.36 replicate 2 2.24
1.30 replicate 2 0.75 1.81
1.00 0.75 2.66
0.91 mean 0.75 1.70
Mean 1.06 s.d. 0.01 mean 2.10
s.d. 0.17 c.v. 0.01 s.d. 0.44
c.v. 0.16 replicate 3 0.99 c.v. 0.21
Sample 3 1.98 replicate 3 2.80
2.74
2.25
mean 2.60
s.d. 0.30
c.v. 0.12
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programmed with a repeat count of 2 and an exclu-
sion time of 5 min. This gave us the ability to collect
as many as six zoom scans for each individual
peptide in a single charge state. This would only be
possible if all of the isotopically labeled variants
(16O2,
16O1/
18O1, and
18O2) were present in sufficient
abundance to be isolated for zoom scan and MS/MS
scans. Our instrument parameters were set so that we
only selected the completely unlabeled (16O2) and the
completely labeled (18O2) species for zoom scans and
MS/MS. The zoom scan window of 10 Da allowed
quantitation with either of these variants isolated as
the center of mass. Our standard triple play method
Table 5. The calculated 18O/16O ratios from ten separate
LCMS runs of the four standard protein tryptic digest were
pooled. Samples that were mixed in 18O/16O ratios of 3 were
adjusted to a value of one by multiplying by 0.3, and the
standard deviation was calculated for each peptide
Peptide Number Ratio Std. dev.
ALELFR 9 1.25 0.91
DVSPFDHSR 10 0.87 0.22
ESGSLSPEHGPVVHCSAGIGR 7 0.88 0.25
FMDVYQR 5 0.83 0.13
FSYLAVIEGAK 22 0.84 0.19
GAAQNIIPASTGAAK 15 1.04 0.41
GLSDEWQQVLNVVWGK 3 0.90 0.18
HGTVVLTALGGILK 23 0.84 0.13
HLFVQDPQTCK 8 1.91 0.79
IVSNASCTTNCLAPLAK 4 1.29 0.28
LFTGHPETLEK 13 1.20 0.56
LFTGHPETLEKFDK 2 0.66 0.23
LHQEDNDYINASLIK 11 0.95 0.23
LTLISEDIK 8 0.71 0.53
MGLIQTADQLR 3 0.75 0.19
QLELNER 5 1.21 0.84
VEADIAGHGQEVLIR 26 0.90 0.20
VGVNGFGR 2 0.81 0.20
VPTPNSVSVVDLTCR 9 1.08 0.49
YLEFISDAIIHVLHSK 5 0.48 0.12
Table 6. Sequence coverage by protein was calculated for data
sequence coverage when zoom scans were excluded from the MS
Sample
Myoglobin
% a.a. Peptides % a.
Expected 18O/16O ratio of 1
6M urea replicate 1 39.87 6 6.2
Replicate 2 35.29 5 2.5
Replicate 3 50.33 7 4.6
Mean 41.83 6 4.4
8M urea replicate 1 38.56 4 13.1
Replicate 2 49 6 25
Replicate 3 36.7 4 16.7
mean 41.42 4.66 18.2
Double play 36.6 5 18.8
Expected 18O/16O ratio of 3
8 M urea replicate 1 32 5 22.7
Replicate 2 30.07 5 20.6
Replicate 3 32.03 4 22.76produced an average of 12 cycles/min. This gives us
the ability to identify and quantify six peptides per
60 s chromatographic peak, assuming each peptide is
isolated twice. We compared this with the standard
method of using full MS scans followed by MS/MS
that is used for qualitative LCMS where identification
of a large set of peptides is the priority. Table 6 shows
that there was no significant increase in sequence
coverage when using the standard double play
method in which a full scan MS is followed by
MS/MS. This is likely reflective of chromatographic
conditions, and that our mass spectrometer collection
times provided ample separation space for the inher-
ent complexity of the protein mixture.
Conclusions
We have developed a mass spectrometry method and
compatible analysis software that allows for the si-
multaneous collection of qualitative and quantitative
information from complex peptide mixtures. The
method uses zoom scans to extend the resolution
capabilities of the Deca XP Plus mass spectrometer.
The methods presented in this paper, furthermore,
provide the ability for relative quantification of 18O
labeled peptides of 3 and lower charge states. This
has not been done previously for 18O differential
expression profiling using ion trap mass spectrome-
ters. We acquired data using the AGC mode; this
limits the number of ions entering the trap and
thereby reduces problems with space charging. Fi-
nally, peptides that label slowly or fail to exchange
completely require the ability to include the singly
18O carboxy-terminal labeled peptides in ratio calcu-
lations to obtain consistent ratios. The methods pre-
sented here make use of this information for more
precise ratio calculations.
Our experiments demonstrate that this method
produces ratios that have good sample to sample
red using the triple play MS method, and compared to
hod
P-1 GAPDH VEGF
Peptides % a.a. Peptides % a.a. Peptides
1 18.67 5 8.41 2
1 9.34 2 5.14 1
2 15.96 4 9.47 2
1.33 14.65 3.66 7.67 1.66
4 4.22 1 3.27 1
8 8.73 2 8.41 2
5 8.73 2 6.54 2
5.66 7.23 1.66 6.07 1.66
7 8.73 2 3.27 1
5 8.73 3 3.27 3
7 8.73 2 5.14 1acqui
met
PT
a.
1
3
8
9
5
6
96 8.73 2 3.27 1
924 HICKS ET AL. J Am Soc Mass Spectrom 2005, 16, 916–925reproducibility. The reproducibility of ratio calcula-
tions from zoom scan to zoom scan is also very good
within a single LCMS run. Coefficients of variation
are less than 21% for a given peptide within a single
LCMS run.
The reproducibility and accuracy of quantification
from zoom scan data on the LCQ instrument com-
pares well with variance of ratio measurements ob-
tained on Q-TOF [11], FT-ICR instruments [8], and
with other methods for ion trap instruments [13].
Coefficients of variation are 21% for the expected
ratios of one or three. Variance increases for ratios
less than one, however, ratios can be verified by
reverse labeling, or replicate experiments. MALDI-
TOF data for 18O-labeling based quantification gives
a comparable coefficient of variation of  20% [10, 13].
Other methods that have been developed for relative
quantification using 18O and ion trap mass spectrom-
eters typically rely on extracted ion chromatograms
and produce relative standard deviations of 25–45%
[11, 13]. However  3 charged peptides cannot be
quantified using this approach. Our method can
reliably detect 1.5- to 2-fold changes in protein ex-
pression. Furthermore, it expands the utility of using
18O labeling with ESI-IT technology to 3 charged
peptides and those with a low efficiency of labeling,
to improve the overall statistics for individual pro-
teins in a differential expression study.
The experiments described in this paper did not
address the issue of sensitivity of the method, which
is instrument-dependent. Further experiments
should be carried out to address the dynamic range of
the method. The experiments described here show
that we can reliably measure a 1.5-fold increase in
protein expression. Peptides without an isotopic part-
ner suggest that the change in protein expression
exceeds the limits of the method and should be
verified by a reverse labeling experiment.
The development of the ZoomQuant software per-
mits automatic quantification of 18O data and makes
it convenient to use 18O labeling for the analysis and
quantification of complex mixtures. This is an inher-
ently better method than using extracted ion chro-
matograms from MS data, which are subject to car-
ryover from nearby peaks. The use of zoom scans
does potentially decrease the number of peptides that
can be identified from a single chromatographic
peak. However, extended gradients and gas phase
fractionation [18, 19] with replicate runs can be used
to offset this limitation. Newly developed linear trap
instruments offer much higher scan speeds and sen-
sitivity. When the method of using zoom scans for
18O quantification is combined with these new instru-
ments, the ability to collect quantitative and qualita-
tive information of complex mixtures in a single
LCMS experiment should greatly improve. The meth-
ods presented in this paper do offer a cost-efficient
and effective means to perform qualitative and quan-
titative protein profiling experiments with the LCQsystem that is already present in so many proteomics
laboratories.
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